Abstract: In the frequency dissemination system over fiber, users can obtain highly stable RF frequency signal from one frequency source. To ensure that the stability loss of the system meets the user's need, performance evaluation for RF frequency dissemination over fiber is necessary. Considering the numerous users over fiber links and the long dissemination distance, traditional transfer quality evaluation method is not very practical, because the cost of the loop-back configuration is relatively large. In this paper, we propose a method to directly evaluate the radio frequency transfer quality via fiber links at the remote site. At the local site, the radio frequency signal is amplitude-modulated on continuous-wave lasers with two wavelengths. After multiplexing, the frequency signal is disseminated to the remote site. At the remote site, RF signal is detected from the continuous-wave optical carrier and transfer performance can be evaluated by measuring the phase fluctuation difference between two different RF signals. The remote signal does not need to be sent back to the local site. It will greatly simplify the structure of the frequency dissemination link, like in an antenna array system.
Introduction
The dissemination of highly stable radio frequency standard over a wide area is quite important to modern science and practical applications, such as antenna arrays [1] , [2] or VLBI telescope systems [3] . Optical fiber is a good medium for frequency dissemination based on following reasons. First, fiber links have characteristics of low power loss, wide bandwidth and immunity to electromagnetic interference [4] , which are beneficial for frequency dissemination over a long distance. Second, the existing fiber networks, especially public optical telecommunication networks, provide huge convenience for time and frequency dissemination [5] , [6] .
Though fiber links have a lot of advantages for frequency dissemination, they still suffer from phase noise caused from external environment disturbance [4] . Therefore, it is necessary to evaluate the frequency transfer quality via fiber links. In the experiments, the local site and the remote site are often located at the same place in the laboratory, which provides a great convenience for transfer performance evaluation [7] - [9] . However, it is infeasible to co-locate the local and remote site in a real frequency dissemination system, because the local site and the remote site are necessarily located at different places, which is even at a distance of several hundred kilometers. Another evaluation method is proposed to measure the transfer performance [10] , [11] . A kind of loop-back link configuration is used, and the original reference-signal is compared with the round-trip signal to determine the overall system performance, which represents an upper limit to the instability of either one-way transfer. This evaluation method is relatively useful for point-to-point frequency dissemination, because only one user is over the fiber link. Though it is easy to set up a loop-back link configuration, there are still some restrictions in the system. First, the corrected signal received at the remote site needs to be sent back to the local site for evaluation via the second fiber [10] , [11] . The whole configuration is complex. For other topological structures like multi-access structure, the method above is impractical. For example, in an antenna array system, many antenna users need to receive the frequency signal from the central station [12] . The frequency signals received by thousands of antennas need to keep ultra-high precision synchronization. Otherwise, astronomical observations will not go well. Therefore, the frequency signal transfer quality at each antenna station needs to be evaluated, and we need to set up loop-back link configurations between each antenna user and the central station. The cost will be tremendous. Second, if the phase fluctuations of two links are not correlated, we cannot calculate the transfer performance of one-way pass using the Allan deviation of the round trip. Meanwhile, when we transfer the frequency signal over severalhundred-kilometer fiber (even a continental scale frequency dissemination), we usually use public telecommunication fiber, and sometimes the whole fiber network needs to be cascaded by several optical links [5] , [6] , [13] . In order to satisfy the need of disseminating the frequency signal over public telecommunication fiber, the structure of public telecommunication fiber needs to be changed. In the loop-back configuration for transfer performance evaluation, the second link is used for evaluation purposes, and it also needs to be changed to meet the requirement of frequency dissemination. The longer the fiber link is, the heavier the work will be. Therefore, the loop-back configuration is not very fit when the dissemination distance is very long. Therefore, it is necessary to find a more effective method to evaluate the transfer performance of each user's signal. Considering the complexity of making evaluation at the local site, it is easier to evaluate the transfer performance directly at the remote site. In this paper, we propose a method to realize the transfer performance evaluation of radio frequency signal at the remote site.
Theory and Analysis
Interfered by environment disturbance, the optical path length will change to induce phase noise to frequency signal. Vibration and atmospheric pressure variations change the optical path length by changing the pressure over the fiber [14] . Changes in optical path length due to vibration and atmospheric pressure variations are expected to be negligible. The analysis below only considers phase noise induced by temperature effects. Because of chromatic dispersion of the fiber, the phase noise induced by environment is diverse for different optical wavelengths. The variation of optical path length comes from two factors. The first factor is the variation of physical length, and the second factor is the variation of temperature-dependent refractive index. We get
where n is the refractive index, l is the optical fiber length. The variation of the optical path length dl is caused by thermal expansion, which can be expressed as follows:
where T coff is the linear expansion coefficient of fiber. Typically, T coff is 5.5 × 10 −7 / • C. In addition, dn is expanded as follows:
We use the Sellmeier formula [15] to model the refractive index
where ω j (T ) is the resonance frequency at the temperature T , B j (T ) is the strength of jth resonance at the temperature T , and λ = 2πc ω . The phase time delay τ(λ, T ) of the disseminated frequency signal is
The derivative of phase time delay can be calculated as follows:
where c is the propagation velocity of light in vacuum. For a certain optical wavelength, assuming it is λ 1 , combining the (1) (2) (3) (5) with (6), the phase fluctuation can be expressed as:
τ represents time delay fluctuation of the frequency signal over fiber link. Supposing the wavelengths we use are λ 1 and λ 2 , the phase fluctuation difference between them over the fiber is:
According to measuring τ diff , we can derive the phase fluctuation of transmitted frequency signal modulated on the light wavelength λ 1 :
Based on the analysis, we can modulate the RF signal onto light sources at different wavelengths, and get the RF transfer performance directly at the remote site by measuring phase fluctuation difference.
Experimental Setup
Today the distance of the frequency dissemination is longer and longer, and the local and remote site are separated by several hundred kilometers. In the future, even a continental scale frequency dissemination is expected. We usually have to use public telecommunication fiber, and the frequency dissemination network also becomes more complex. A round-trip evaluation method is not easy to be realized. We design a proof-of-concept experiment to disseminate RF signal over 1100 km fiber link, and evaluate the transfer performance at the remote site using our method. The schematic of the experiment is illustrated in Fig. 1 .
In the experiment, we use 150 MHz radio frequency signal as a reference signal, which is generated by a signal generator R&S SMB100A. Experiments are carried out over single-mode fiber (SMF) links. The fiber link is installed in spools. The average temperature in the laboratory is around 25°C, and the temperature fluctuation is around 2°C. In the experiment, active phase fluctuations compensation is implemented. We use Direct Digital Synthesizer (DDS) as the phase compensator because of DDS's high precision, and Micro Controller Unit (MCU) is used to calculate the compensation value based on a PID algorithm. Input RF signal power is 10 dBm. First, input RF signal is splitted by a power splitter into three parts. One part is frequency-doubled to 300 MHz by a frequency doubler AMK-2-13. The other two parts are phase-shifted by Direct Digital Synthesizers (DDS) respectively. The DDS is controlled by MCU MSP430. After the RF amplifier and the bandpass filter, the phase-shifted RF signals are modulated onto DFB laser sources. The wavelength of the DFB laser can be easily controlled by the drive circuit. The wavelength of laser DFB1 is 1556.55 nm and the wavelength of laser 2 is 1550.12 nm. After a wavelength division multiplexer, the optical signal is injected into the single mode fiber. The total transfer distance is 1100 km. The loss of the fiber is 0.18 dB/km, and the overall link losses are about 200 dB. In order to compensate the power attenuation, Erbium Doped Fiber Amplifiers (EDFA) is used to amplify the optical power. Each EDFA we use in the experiment can achieve an amplification of about 20 dB. After 1100 km fiber link and optical amplifier, the power of the optical signal is 6 dBm. At the remote site, after an optical circulator and an optical coupler, 10% of light is left for signal detection, and 90% of light is sent back to the local site over the same fiber for extracting the error signal.
Because of the long distance, the power of backward light is reduced and Erbium Doped Fiber Amplifiers are also required to amplify the light. When the backward optical signal arrives at the local site, it is demultiplexed into two wavelength channels. The demultiplexed optical signal is detected by a photodetector. Then the RF signal is demodulated. The demodulated signal is mixed with the phase-shifted RF signal, using the mixer ADE-1H+. In order to get the sum signal with minimum influence of the mixer, the input power of the mixer should be controlled, so the amplifier with proper gain is used. The band-pass filter is used to filter the irrelevant signal out. Finally, the sum signal, 300 MHz frequency signal, is obtained. The sum signal is mixed with the frequency-doubled signal from the frequency doubler AMK-2-13, and the output of the mixer is the error signal. After a low-pass filter with 1 kHz bandwidth, the error signal is sampled by an analog/digital converter and processed by MCU. MCU controls DDS to phase-shift the original RF signal to compensate the phase fluctuation.
In order to evaluate the transfer performance, at the remote site, 10% of the optical signal is demultiplexed with a WDM demultiplexer into different wavelength channels. The radio frequency signal is demodulated with a photodiode. The output signal power is quite low for the mixer (ADE-1H+), so the RF amplifiers are used. The power after amplification is 13 dBm. We mix radio frequency signals transferred by lights with two different wavelengths. Because of an upconversion signal after the mixer, a low pass filter with 1 kHz bandwidth is used to remove the high frequency component. The phase fluctuation difference is detected in term of voltage by a high resolution voltage acquisition instrument (Agilent 34401A) and recorded by a personal computer.
Results
The transfer performance is expressed by overlapping Allan deviation. In terms of phase measurement, the overlapping Allan variance can be estimated from a set of N time measurements Fig. 2 . Result of residual frequency instability over 1100 km fiber. The RF signals modulated on the two optical wavelengths are mixed, and the residual frequency instability is showed as the red curve. The blue curve is the frequency instability measured by mixing the local reference frequency with the remote transmitted frequency signal. The green curve shows the residual frequency instability of the free running system. as: (10) where τ = mτ 0 , m is the averaging factor and τ 0 is the basic measurement interval [16] . The square root of overlapping Allan variance is overlapping Allan deviation, ADEV. In the experiment, the wavelength channels we use are channel #34 (1550.12 nm) and channel #26 (1556.55 nm). Based on the Sellmeier formula, we calculated the refractive index of fiber. In the calculation process, we choose m = 3,
The basic values for the coefficients in the Sellmeier formula can be found in [17] . After that, using formula (7), we can obtain the values of γ.
Similarly, using formula (8), we can obtain the values of η.
In the calculation process, the propagation velocity of light in vacuum is 3 ࢩ 10 8 m/s, the length of fiber is 1100 km and the temperature is 25°C. The linear expansion coefficient of fiber T coff is 5.5 × 10 −7 / • C. The value of γ is 1.4 × 10 −4 , and the value of η is 3.9 × 10 −7 . Based on the measured data of phase fluctuation difference, we can calculate the phase fluctuation of the RF signal modulated on one wavelength. In this way, the transfer performance can be directly derived at the remote user site.
The transfer performances are illustrated in Fig. 2 . The red curve is the residual instability of RF signal measured at the remote site. The instability is 7.3 × 10 −13 at 1 second integration time, and In the freerunning system, the residual frequency instability is 2 × 10 −12 at 1 second integration time and 6 × 10 −13 at 2000 second integration time. Meanwhile, the sensitivity of the proposed method is expressed by Allan Deviation. We obtained the difference between phase fluctuation data from direct RF phase comparison and those from the proposed method, and then computed the Allan deviation of the result, which is showed in Fig. 3 . The result of the sensitivity is 5.2 × 10 −15 at 1 second integration time and 2.6 × 10 −18 at 2000 second integration time. In the experiment, the long dissemination leads to the large power loss and low signal-to-noise ratio. In order to compensate the power loss, several EDFAs are used. Therefore, the achieved results are limited by noise from EDFAs. The result will improve if optical parametric amplifications are used.
Up to date, only optical carrier transfer is achieved over more than 1000 km fiber [18] . The optical carrier transfer has better stability than RF transfer via amplitude modulation according to stability calculation formula, because the optical frequency is 4-9 orders of magnitude larger than RF frequency. However, RF frequency signal is the most used frequency signal. RF transfer via amplitude modulation is the most straightforward way to disseminate the stable RF signal. If we transfer optical carrier, an expensive optical comb is used to generate the stable RF signal [19] . In the experiment, we transfer the RF signal via amplitude modulation, and the length of the fiber link is 1100 km. In other works, the length of fiber used in RF transfer via amplitude modulation is at most 420 km [20] . Therefore, the fiber used in our experiment is much longer. More EDFAs are used to compensate the power loss. The noise form EDFA will reduce signal-to-noise ratio (SNR) and influence the signal frequency stability. Meanwhile, the whole link is cascaded by several optical fiber links. Stray reflections occur along the link, due to connectors and Rayleigh backscattering, which also influence frequency stability.
Meanwhile, the phase time series obtained are showed in Fig. 4 . The left is measured by comparing the local and remote RF signals, and the right is measured by comparing RF signals modulated on two lights at the remote site.
Summary
According to the analysis and experiment, we demonstrate an effective method to evaluate the transfer performance directly at the remote site. By measuring the phase fluctuation difference between RF signals modulated on two lights, we can derive the residual frequency instability of RF signal at the remote site, which represents the transfer performance. The traditional evaluation method is to co-locate the local reference and the remote site, and the other method is to transmit the frequency signal back to the local site via a round-trip configuration. There are some restrictions in view of more complex frequency dissemination networks and longer transmission distance. Our method deals with these restrictions, and it will greatly simplify the structure of complex frequency dissemination systems. It can be used to evaluate the radio frequency signal transfer performance at the remote user site, when the frequency signal is transferred based on complex-topology or long-distance fiber networks, such as in an antenna array system or VLBI network.
